Electrical stimulation of perivascular nerves induced a relaxation of endothelium-denuded cat pial ar teries that was significantly reduced by nitric oxide (NO) synthase inhibition, indicating that NO was involved in the neurogenic relaxation of these vessels. Histochemical staining of the pial arteries for NADPH-diaphorase (NADPH-d), used as a marker for NO synthase, showed positive nerve fibers in the adventitial layer. Interest ingly, in some restricted areas stained neuronal cell bod ies were also observed. These neurons were scattered or distributed in small groups in a ganglion-like manner, and they sent fibers to the vessel wall. No NADPH-d-positive nerve fibers or cell bodies were detected in forelimb, pul monary, or coronary arteries. Within the brain paren chyma, blood vessels also showed positive fibers around
Nitric oxide (NO) is a ubiquitous mediator, acting as a relaxing agent in vascular and visceral smooth muscle, as a messenger molecule between neurons, and as a cytotoxic agent from macrophages (Mon cada et a11991; Snyder, 1992) . NO is involved in the nonadrenergic, noncholinergic (NANC) relaxation induced by the electrical stimulation of perivascular nerves in several smooth muscle-containing or gans, including the digestive tract (Bult et aI., 1990) , the trachea (Tucker et aI., 1990) , and the corpus cavernosum (lgnarro et aI., 1990) . In these organs, their walls. These fibers were organized in a branching pattern and presented varicosities. NADPH-d-positive neurons were found in the proximity of the intracerebral vascular profiles, sending processes to the vessels and/or being directly apposed to their wall. The neurovascular contacts were preferentially located close to the interface between the cerebral cortex and white matter. The ana tomical relationship between NADPH-d-positive neu rons and fibers and the cerebral blood vessels, together with the participation of NO in the neurogenic relaxation of pial arteries, suggests that NO is involved in the regu lation of cerebral blood flow. Key Words: Cerebrovascu lar innervation-NANC relaxation-Nitric oxide syn thase-Intracerebral microvessels.
local neurons and fibers that contain NO synthase (NOS) (Bredt et aI., 1990; Ward et aI., 1992; Burnett et aI., 1992) or the related enzyme N ADPH diaphorase (NADPH-d) (Ward et al., 1992; Young et aI., 1992) have been visualized, providing the morphological basis for a nitrergic innervation. In the brain, NO is synthesized in neurons in the cer ebellum and to a lesser extent in other brain regions (Bredt et aI., 1990) , and it has been postulated that NO is the retrograde mediator of long-term poten tiation (B6hme et al., 1991) and depression (Shibuki and Okada, 1991) phenomena. These findings point to NO as a new class of neurotransmitter in both the peripheral and the central nervous systems.
Cerebral pial arteries are endowed with a rich plexus of adventitial nerves containing several dila tor neurotransmitters such as acetylcholine (ACh) (Saito et al., 1985) , vasoactive intestinal polypep tide (VIP) (Suzuki et aI., 1988) , substance P (SP) (Suzuki et aI., 1989) , and calcitonin gene-related peptide (CGRP) (Suzuki et aI., 1989) . None of these transmitters has so far been demonstrated to be re-sponsible for the relaxation induced by electrical stimulation of the perivascular nerves. Recently, it has been shown that competitive inhibitors of NOS significantly decrease the neurogenic dilation in pial arteries isolated from dogs (Toda and Okamura, 1990) , monkeys (Toda and Okamura, 1990) , and cows (Gonzalez and Estrada, 1991) . Furthermore, NOS has been visualized by immunohistochemical techniques in the adventitial layer of the major ce rebral arteries in rats (Bredt et aI., 1990; Nozaki et aI., 1993) , suggesting a neurotransmitter role for NO in these vessels.
Whereas pial vessel resistance contributes to controlling blood flow to large territories in the brain, within the brain parenchyma local mecha nisms allow the independent regulation of blood flow in discrete areas, depending on their synaptic activity (Fox et aI., 1984) . The mechanisms linking neuronal activity and local cerebral blood flow (lCBF) are not well-understood, and it has been suggested that NO, as a diffusible neuronal messen ger, could be a mediator for this interaction (Gally et aI., 1990) .
We have attempted to determine whether NO can be considered a neural endogenous transmitter in the cerebral circulation by using both functional and morphological criteria in the same species. The aims of this study were (a) to assess the involve ment of NO in the neurogenic dilation of cat cere bral arteries; (b) to localize the neural structure in which NO is produced within the vessel wall; and (c) to investigate a possible relationship between central NO-producing neurons and small blood ves sels within the brain parenchyma.
For functional studies, the effect of NOS inhibi tion on the vascular response to transmural nerve stimulation (TNS) was analyzed. For morphological studies, tissues were stained for NADPH-d activity, using nitro blue tetrazolium (NBT) and NADPH as substrates. This approach was based on several re cent reports demonstrating that NOS fully accounts for the NADPH-d activity identified by this histo chemical reaction. It has been shown that NOS pro tein and mRNA colocalize with NADPH-d in neu rons of both the central and the peripheral nervous systems (Bredt et al., 1991; Dawson et aI., 1991) and that these two enzymatic activities can be at tributed to the same protein (Dawson et aI., 1991; Hope et al., 1991) .
METHODS

Isometric tension measurements
Cats were anesthetized with sodium thiopental (35 mg/ kg); after exsanguination, brains were removed and placed in cold phosphate-buffered saline. Circle of Willis vessels and the proximal part of the middle cerebral ar tery were isolated, and endothelium was removed by gently rubbing the intima surface with a slightly rough ened stainless steel wire. Arterial rings, 2 mm in length, were suspended on two intraluminal parallel wires and introduced in an organ bath containing a physiological solution with the following composition: 115 mM NaCl, 4. 6 mM KCl, 1. 25 mM CaCI2, 25 mM NaHC03, 1. 2 mM KH2P04, 1. 2 mM MgS04, 0.01 mM EDTA, and 11 mM glucose. The rings were then connected to a Piodem strain gauge for isometric tension recording.
Rings were equilibrated at a passive tension of 500 mg for 90 min and then contracted with prostaglandin F2a (PGF2o.) to reach an active tension of 600-800 mg. ACh (1-10 /LM) was added to each arterial ring, and the ab sence of a relaxing response was taken as an indication of the removal of the endothelium. The rest of the experi ment was performed in the presence of 5 /LM indometh acin, 1 /LM phentolamine, 1 /LM propranolol, and 0. 1 /LM atropine, to prevent any effect mediated by prostaglan dins, noradrenaline, or ACh. TNS (200 rnA, 0.2 ms) was applied using two parallel platinum electrodes, one at each side of the vessel, connected to a CS-20 stimulator (Cibertec, Madrid, Spain). The interval between consec utive stimuli was 8-10 min. After obtaining two or three reproducible responses, either of the NOS inhibitors W monomethyl-L-arginine (L-NMMA, 100 /LM) and L-ni troarginine methyl ester (L-NAME, 30 /LM) were added to the organ bath, and the effect of TNS was recorded 20 min later. The reversibility of the inhibition by L-NMMA and L-NAME was tested in the presence of a 10-fold con centration of L-arginine. TNS responses were blocked by tetrodotoxin (TTX; 1-10 /LM). Sodium nitroprusside (SNP; 30 /LM) was added at the end of each experiment to assess the capacity of the vessel to relax 100% of the initial contraction.
NADPH-d staining
Cats were perfused through the ascending aorta with 4% paraformaldehyde in 0. 1 M sodium phosphate buffer (PB), pH 7.4, followed by increasing concentrations of sucrose (5-10-20%) in the same buffer. Brains were re moved, and the arteries of the circle of Willis and its branches were isolated. Segments of coronary, pulmo nary, and forelimb arteries were also obtained. Vessels were washed overnight with PB. The brain was cryopro tected by overnight incubation in PB containing 30% su crose, and sections were obtained with a freezing micro tome. Whole vascular segments and free floating sections of the brain (coronal, 40-50 /Lm) were incubated with a mixture containing 1 mM NADPH, 1 mM NBT, and 0. 3% Triton X-100 in 0. 1 M phosphate buffer, pH 8. 0, for 30 min at 3rc. Tissues were rinsed in PB, mounted on slides, and dehydrated, and covers lips were fixed with Permount.
RESULTS
TNS produced frequency-dependent relaxations in endothelial-denuded cat cerebral arteries precon tracted with PGF2o:. Inhibition of NOS by the L-ar ginine analog L-NMMA significantly decreased the vascular response to TNS (Fig. 1 ). This effect was completely reversed in the presence of L-arginine L-NAME caused a more effective reduction of TNS-induced relaxations, and its effect was only partially reversed by a 10-fold concentration of L-arginine ( Fig. 1) , because of its higher potency for NOS inhibition (Rees et al., 1990) . These results indicate that, as shown in other species, NO medi ates NANC neurogenic relaxation in cat cerebral arteries.
To visualize the neural elements that could be responsible for NO production, whole-mount prep arations of the same vessels were stained for NADPH-d activity. Positive nerve fibers presenting varicosities were visualized in the adventitial layer.
J Cereb Blood Flow Metab, Vol. 13, No. 6, 1993 Large bundles lay longitudinally along the vessel wall, whereas individual fibers were arranged in a network pattern ( Fig. 2A) . The most striking finding in these preparations was the presence of NADPH d-positive cell bodies in some restricted areas of the circle of Willis and of the anterior cerebral artery (Fig. 2B) . These neurons were either scattered (Fig.  2C) or distributed in small groups in the adventitial layer in a ganglion-like manner (Fig. 2D) , and they sent fibers to the vessel wall. Their cytoplasm was intensely stained, and the nuclei as well as the pro cesses were clearly visible.
No ies were detected in forelimb, pulmonary, or coro nary arteries. The presence of local NADPH-d-positive neu rons and fibers in the adventitia of the major pial vessels raised the question of whether such an as sociation also existed in the microvasculature within the brain parenchyma. Therefore, cerebral coronal sections were also stained for NADPH-d activity. In agreement with a previous detailed study performed in the cat brain (Mizukawa et al., 1989) , heavily stained neurons with prominent pro cesses were observed in several brain areas, includ ing, among others, the cerebral cortex, white mat ter, caudate nucleus, putamen, and amygdala; mod erately stained cells were present in the cerebral cortex, hypothalamus, and other subcortical struc tures. We observed that many of the heavily stained neurons were located in the proximity of the blood vessels (Fig. 3A) . In some cases, processes were sent to the neighboring vessels (Fig. 3B) ; in others, the cell bodies were apposed to the vascular profiles and their processes encircled the vessel wall ( Fig.  3C-E) . In the cerebral cortex, most of the heavily stained neurons were located in the deepest layers and in the immediately underlying white matter, and only a small percentage was observed in the superficial layers . Consequently, most neurovascu lar contacts were seen in the interface between the gray and the white matter, where neurons ap proached the penetrating cortical arterioles (Fig.  3A ). Blood vessels that lay longitudinally or ob liquely to the brain section showed positive fibers around their walls. A branching pattern and vari cosities were observed in the fibers along these vas cular segments ( Fig. 3F and G) . In the hypothala mus, the perivascular nerves were grouped in small bundles that appeared isolated from the surround ing tissue (Fig. 3F) whereas in the cortex the fibers were continuous with the parenchymal processes ( Fig. 3G ).
DISCUSSION
The present results show that, in cat pial arteries, NO is released on electrical depolarization of peri vascular nerves, inducing a relaxation of the vascu lar smooth muscle. This finding indicates that in this species NO is an endogenous mediator of the NANC neurogenic relaxation of cerebral vessels.
Considerable evidence has recently been pre sented that suggests that NADPH-d and the NO synthesizing enzyme are identical in mammals. A colocalization of NOS and NADPH-d activities has been shown in a number of organs from several species, including rats (Bredt et al., 1991; Dawson et al., 1991; Klimaschewski et al., 1992) , guinea pigs (Klimaschewski et al., 1992; Young et al., 1992;  FIG. 3. Photomicrographs showing NADPH-diaphorase staining of coronal sections of the cat brain. A: This section through the cerebral cortex shows three penetrating arterioles; each of the three heavily stained neurons in the field (arrows) lie close to a blood vessel. Some moderately stained cells can also be observed. B: A positive neuron in the cerebral cortex projects to a penetrating arteriole. Varicosities can be clearly seen along the process (arrows). C: Transverse section of a blood vessel (arrow)
shows an adjacent labeled cell in the caudate nucleus; NADPH-d staining is seen all around the vascular profile. D: Oblique section of a blood vessel shows a positive neuron apposed to the wall and encircling the vessel with its processes. E: A NADPH-d-positive neuron sits on a vascular bifurcation, sending processes to both branches. Hassall et aI., 1992), dogs (Ward et aI., 1992) , and humans (Janssens et aI., 1992) . Furthermore, the molecular identity of both enzymatic activities has been demonstrated for the different isoforms of NOS described so far, i.e., neuronal (Dawson et aI., J Cereb Blood Flow Metab, Vol. 13, No.6, 1993 Hope et aI., 1991) and endothelial (Janssens et aI., 1992) constitutive NOS, as well as macrophage inducible NOS (Mitchell et aI., 1992; Schmidt et aI., 1992) . Consequently, NADPH-d staining is pres ently being used as a marker for NOS activity (Grozdanovic et aI., 1992; Vanderwinden et aI., 1992) . In our study, NADPH-d staining revealed a dense network of positive nerve fibers in the adven titia of the main pial arteries of cats, suggesting the existence of a NO-producing plexus from which this mediator is probably released on depolarization.
Interestingly, some of the fibers originated in stained cell bodies that were localized in the adven titial layer in restricted areas. From the present data we cannot determine the quantitative importance of this local origin, and the possibility that part of the NADPH-d-positive fibers project from some of the cephalic autonomic ganglia is plausible. In fact, Nozaki et al. (1993) recently identified the spheno palatine ganglion as the major source of NOS containing nerves in pial arteries from rats. These authors did not mention the existence of local NOS containing neurons in this species. When we stained pial vessels from rats for NADPH-d, we saw fibers in the adventitia, but not cell bodies (unpublished observations). Therefore, there may be some spe cies difference in the origin of the perivascular NOS fibers.
Whatever the magnitude of the local innervation, the presence of NO-producing neurons in the pial artery adventitia may have some functional rele vance. In physiological conditions, CBF remains reasonably constant, even when the arterial blood pressure varies within certain limits (pressure auto regulation; for review, see Go, 1991) , indicating that the cerebral vasomotor system can respond to changes in perfusion pressure. CBF is also highly responsive to changes in CO2 and O2 tension (for review, see Go, 1991) . In vivo, the neurons in the adventitia would be surrounded by cerebrospinal fluid; in that particular situation, they may act as stretch and/or chemical sensors and thereby partic ipate in the cerebrovascular responses to changes in perfusion pressure and/or gas tension. In support of the latter possibility, it has recently been reported that inhibition of NOS activity attenuated the in crease in CBF induced by hypercapnia in rats (Ia decola, 1992; Wang et aI., 1992) .
The NADPH-d neurons in the adventitia of the cerebral blood vessels could also behave like the postganglionic intramural neurons in smooth mus cle-containing organs; that is, they would receive afferents from autonomic nerves and release a local transmitter that would act directly on the smooth muscle. In relation to this, it has been observed in cerebral arteries, which are endowed with cholin ergic (Saito et aI., 1985) and VIP-ergic (Suzuki et aI., 1988) nerves, that the relaxation induced by nic otine (Toda and Okamura, 1990) or VIP (Gaw et aI., 1991) is decreased after NOS inhibition.
NADPH-d-positive fibers have also been visual ized surrounding intraparenchymal blood vessels of different sizes and in a variety of brain areas. An association between NO-producing fibers and CNS blood vessels has recently been reported in the rat hypothalamus (Ceccatelli et aI., 1992) and spinal cord (Valtschanoff et aI., 1992) . In our study, we observed that some of the fibers projecting to the vessels arose from neighboring neurons heavily stained for NADPH-d and that, in many cases, the positive cell bodies lay very close to the vessel wall. The spatial relationship between these neurons or fibers and the blood vessels, together with the fact that NO is a highly diffusible molecule, suggests that neuronal NO may be involved in the delicate regulation of ICBF. It is well-known that ICBF is tightly coupled with synaptic activity, although the linking mechanisms have not been identified. The possibility that NO may help to couple neural ac tivity with ICBF is supported by a recent report showing that local inhibition of NOS blocked the increase in cortical blood flow induced by sciatic nerve stimulation (Northington et aI., 1992) .
Another point of interest in the present findings is that most NADPH-d neurons were located in the white matter immediately underneath the cortex, in the area corresponding to the subplate neurons, which are the first neurons to be generated in the development of the mammalian cerebral cortex (Chun and Shatz, 1989) . Considering that NO pro duction has been observed in primitive species such as the limulus crab (Radomski et aI., 1991) , it is possible that the "novel" neurotransmitter NO is in fact an "archaic" mediator in both the ontogenic and phylogenic sense.
NOTE
During revIsion of this article, Regidor et al. (1993) published results similar to ours concerning the association of arteriolae and NADPH-d-Iabeled neurons in the rat cerebral cortex.
